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Abstract
We present a new directly-observable statistic which uses sky position (x, y) and proper motion (vx, vy) of
stars near the Galactic center massive black hole to identify populations with high orbital eccentricities. It is
most useful for stars with large orbital periods for which dynamical accelerations are difficult to determine.
We apply this statistic to a data set of B-stars with projected radii 0.1′′< p< 25′′ (∼ 0.004− 1 pc) from the
massive black hole in the Galactic center. We compare the results with those from N -body simulations to dis-
tinguish between scenarios for their formation. We find that the scenarios favored by the data correlate strongly
with particular K-magnitude intervals, corresponding to different zero-age main-sequence (MS) masses and
lifetimes. Stars with 14 . mK . 15 (15− 20M⊙, tMS = 8− 13Myr) match well to a disk formation origin,
while those with mK ≥ 15 (< 15M⊙, tMS > 13Myr), if isotropically distributed, form a population that is
more eccentric than thermal, which suggests a Hills binary-disruption origin.
Subject headings: black hole physics — galaxy: center — stars: kinematics and dynamics
1. INTRODUCTION
The nuclear star cluster (NSC) within the central few par-
secs of our galaxy contains a massive black hole (MBH),
SgrA*, and ∼ 107M⊙ in stellar populations of various ages.
The bulk of the stars are old, ∼ 80% forming more than 5
Gyr ago, possibly at the same time as the galactic bulge. Af-
ter a period of reduced star formation, the star formation rate
increased during the last 200 − 300Myr (Blum et al. 2003;
Pfuhl et al. 2011). While the late type stars may be too old
to retain memory of their initial orbital configuration, and
hence formation mechanism, the kinematics of the early type
stars should reflect their original distribution. One can resolve
these stars individually due to our proximity to the Galactic
center (GC)1, and use their phase space parameters to con-
strain formation scenarios. This is a useful way to understand
stellar mass accumulation in NSCs in general, which is very
likely connected to the formation and growth of MBHs at their
centers (Hopkins & Quataert 2010a,b).
There are two fundamental scenarios for the accumu-
lation of stars in NSCs. The first scenario is the
merger of multiple star clusters following migration to-
wards the center of a galaxy via dynamical friction with
background stars (Tremaine et al. 1975; Capuzzo-Dolcetta
1993; Agarwal & Milosavljevic´ 2011; Antonini et al. 2012;
Antonini 2013). The second scenario is in-situ formation
in nuclear stellar disks as a result of gas migration into
the center of galaxies (Milosavljevic´ 2004). Observational
results and theoretical arguments suggest that both mecha-
nisms are necessary to explain the morphology, kinematics
and complex star formation history of NSC stellar popula-
tions (Hartmann et al. 2011; Leigh et al. 2012; Antonini et al.
1 We adopt a distance to SgrA* of 8.3 kpc (Eisenhauer et al. 2003;
Ghez et al. 2008; Gillessen et al. 2009a,b) for which 1′′ ∼ 0.04 pc, an av-
erage extinction of AKs = 2.7 (Fritz et al. 2011), and refer the reader to
Genzel et al. (2010) for a complete review of the GC.
2012).
Massive young stars in the central parsec of the GC
provide evidence of the second mechanism, that is
formation in a nuclear stellar disk. Roughly half of
the brightest young stars – a population of O- and
Wolf-Rayet (WR) stars, ∼ 6 ± 2Myr old2, with
masses & 20M⊙ (Paumard et al. 2006) – form a thin,
clockwise(CW)-rotating disk with projected radii 0.8′′ − 12′′
(Levin & Beloborodov 2003; Genzel et al. 2003; Lu et al.
2009; Bartko et al. 2009), though more young star candidates
have been detected at larger distances (Bartko et al. 2010;
Nishiyama & Schödel 2013). This disk is thought to have
formed in-situ from the fragmentation of in-falling or col-
liding gas clumps at the GC (Morris 1993; Sanders 1998;
Levin & Beloborodov 2003; Nayakshin & Cuadra 2005;
Levin 2007; Wardle & Yusef-Zadeh 2008, 2012). We refer to
this structure as the “young CW disk”.
One also observes a population of fainter B-stars, mk & 14
(mK = 14 corresponds to a B0V star), which are not obvi-
ously associated with this disk. They appear more isotrop-
ically distributed than the brighter stars, though a number
may be members of the young CW disk (Bartko et al. 2010).
They are not truncated in projected radius at the disk inner
edge, but continue inwards to the MBH. Those that lie within
the central 0.8′′ are collectively referred to as the “S-stars”;
their kinematics reveal randomly-inclined and near-thermal
eccentricity orbits (Ghez et al. 2005; Eisenhauer et al. 2005;
Gillessen et al. 2009a).
The orbits of the B-stars further out have not yet been de-
termined and it is unclear whether or not the S-stars and
the outermost B-stars form distinct populations. Their ages
2 Lu et al. (2013) analyze the entire population of young stars as a single
starburst cluster and find an age between 2.5 − 5.8Myr with 95% confi-
dence. Though a younger age than commonly adopted for the O/WR stars, it
is consistent within the uncertainty range reported by Paumard et al. (2006).
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range from a spectroscopically confirmed < 10Myr for
the S-star S2/S0-2 (Ghez et al. 2003; Eisenhauer et al. 2005;
Martins et al. 2008), to an upper-limit of∼100− 200Myr on
the main sequence lifetime of the lower-mass B-stars. This
upper limit does not preclude the B-stars forming contempo-
raneously with the young CW stars, but they may well derive
from an older starburst or even form a continuous distribution
in age.
The proximity of the S-stars to the MBH, which prohibits
in-situ star formation due to its immense tidal force (Morris
1993), combined with their young ages imply a “paradox
of youth” (Ghez et al. 2003). Arguably, the most plausi-
ble theory for their origin is the tidal capture by SgrA* of
in-falling B-star binaries by Hills mechanism (Hills 1988,
1991; Gould & Quillen 2003), following dynamical relax-
ation by massive perturbers such as giant molecular clouds
(Perets et al. 2007) within the central 10 − 100 pc. In this
theory, the S-stars are captured on orbits of very high or-
bital eccentricity whilst their binary companions may be
ejected as hypervelocity stars (see e.g., Brown et al. 2012,
and references therein). Antonini & Merritt (2013) show
that post-capture dynamical evolution via resonant relaxation
(Rauch & Tremaine 1996) can bring the highly-eccentric pop-
ulation of S-stars close to their observed near-thermal ec-
centricity distribution (Gillessen et al. 2009a) within 50Myr
for models of the GC with relaxed NSC, or ∼ 10Myr
for models with a dense cluster of 10M⊙ black holes (see
also Perets et al. 2009). It is possible that the B-stars out-
side the central arcsecond also formed via Hills mechanism,
as proposed by Perets & Gualandris (2010, hereafter PG10).
However, as the latter authors point out, the initial high-
eccentricity distribution must persist, since neither two-body
nor resonant relaxation will be able to significantly change the
orbital eccentricities of the B-stars at large radii within their
lifetimes. This sets up a prediction which observational data
from this population can verify or refute.
Outside of the central arcsecond, the accelerations of the
B-stars are too small to be reliably detected within ∼ 10 yr
of observations. Thus we do not get a full orbital solution
for each star. In this paper we devise a statistic which uses
only the star’s sky position and proper motion velocity and
is particularly sensitive in identifying distributions with high
orbital eccentricities. We present this high-eccentricity statis-
tic in Section 2. In Section 3 we explore another mechanism
for dynamically relaxing the orbital eccentricity distribution
of B-stars – the formation and gravitational influence of the
young CW stellar disk – and investigate two scenarios with
N -body simulations: the massive perturber plus binary dis-
ruption scenario (Perets et al. 2007), and one based on the
proposed model by Seth et al. (2006) of episodic in-situ star
formation, wherein the B-stars formed in a nuclear stellar disk
∼ 100Myr ago. We examine the resulting orbital eccentric-
ities of the B-stars after 6Myr of interaction with the young
CW disk. In Section 4 we introduce our observations and use
direct observables and the high-eccentricity statistic to com-
pare them with simulations in Section 5. We discuss our find-
ings in Section 6. In a follow-up paper we will expand our
current analysis on the orbital parameters of the B-stars in-
cluding radial velocity information.
2. THE HIGH-ECCENTRICITY STATISTIC
The basic idea for identifying stars with high orbital ec-
centricities is straightforward: a radial orbit in three spacial
dimensions also appears as a radial orbit in projection on the
sky. This was noted by Genzel et al. (2003) and revisited by
Paumard et al. (2006) and Bartko et al. (2009). These authors
use the j versus p diagram, where j is the normalized angular
momentum along the line-of-sight (positive z-axis),
j =
jz
jz(max)
=
xvy − yvx
pvp
,
(1)
and
p = (x2 + y2)1/2 (2)
is the projected radius from the MBH. The positive x-axis
points west and the positive y-axis points north. vx, vy are the
right ascension and declination velocities of a star at (x, y) on
the sky such that the projected velocity (i.e., proper motion)
is
vp = (v
2
x + v
2
y)
1/2. (3)
The quantity j is ∼ 1,∼ 0,∼−1 if the stellar orbit projected
on the sky is mainly clockwise (CW) tangential, radial, or
counterclockwise (CCW) tangential. Genzel et al. (2003) de-
fine three j ranges: CW tangential (j ≥ 0.6), CCW tangential
(j ≤ −0.6) and radial (|j| ≤ 0.3). Though a useful tool for
classification, the quantity j is not optimally sensitive to high-
eccentricity (j ∼ 0) orbits. This is because stars on radial
orbits spend the majority of their orbital period near apoap-
sis with low vp with respect to the circular velocity at their
projected radii p; this increases their value of j and imparts a
more tangential orbit in projection. In its place, we propose
to use a new high-eccentricity statistic, h: jz normalized to
the maximum angular momentum at projected radius p (i.e.
replacing vp with circular velocity at p):
h =
jz
Jp
=
xvy − yvx√
GM•p
,
(4)
where we use the Kepler circular velocity such that vcirc(p) =
(GM•/p)
1/2
. As with j, the quantity h is ∼ 1,∼ 0,∼−1 de-
pending on whether the stellar orbit projected on the sky is
mainly CW tangential, radial, or CCW tangential, but radial
orbits are now confined to low |h|-values. We show this in
Figure 1 where we initialize a cluster of 104 isotropically ar-
ranged stars with a thermal distribution of orbital eccentrici-
ties to see how well their j- and h-values constrain their origi-
nal orbital eccentricity. Each star is distributed randomly in its
orbital phase and their positions and velocities are projected
onto the plane of the sky to get values for j and h. We plot
the inclination of the stellar orbits3 (ranging from 0◦− 90◦ as
the distribution in |j| and |h| is symmetric about this range) as
a function of orbital eccentricity. The left (right) plot shows
stars color-coded according to |j| (|h|)-values.
The h-statistic differentiates well between tangential and
radial orbits. Although low |h|-values can correspond to stars
that have high-eccentricity and/or inclined orbits (i.e., edge-
on with respect to line-of-sight), high eccentricity orbits are
not contaminated by high |h|-values; |h|-values are sharply
defined as a function of orbital eccentricity and inclination.
3 The inclination, i, of a stellar orbit is calculated from the angle between
its angular momentum vector and the positive z-axis (line-of-sight). Hence
i = 0◦ (i = 90◦) corresponds to a face-on (edge-on) orbit.
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FIG. 1.— Plot of |j|-values (left) and |h|-values (right). Each point represents a star drawn from an isotropic stellar distribution, with i = 0◦ (90◦) correspond-
ing to a face-on (edge-on) orbit, and with orbital eccentricity e. From this figure it is clear that the colors are much better stratified in the right panel than in the
left panel, because the h-statistic differentiates more cleanly between high and low eccentricity orbits than the j-statistic.
In contrast, high |j|-values (yellow dots) are scattered
throughout the inclination and eccentricity plane. Many high
eccentricity orbits are represented by high |j|-values which
makes them hard to isolate as a group. We refer the reader to
the Appendix for statistical constraints on orbital eccentricity
and inclination in different h-ranges, the maximum value of
|h| for a bound orbit and the effect of the stellar gravitational
potential on its estimate.
3. N -BODY SIMULATIONS
We perform N -body simulations of two formation scenar-
ios for the population of large-radii B-stars in the GC — a disk
origin, and a binary disruption origin. The stars in the two
formation scenarios differ only in orbital angular momentum
distribution. We investigate whether their original orbital ec-
centricities are preserved over 6Myr, having been subjected
to gravitational torquing from the young CW disk, and calcu-
late the resulting h-values to be compared with observations.
We use a special-purpose N -body integrator, which
is described in detail in Madigan et al. (2011). Our
integrator is based on a mixed-variable symplectic al-
gorithm (Wisdom & Holman 1991; Kinoshita et al. 1991;
Saha & Tremaine 1992) and designed to accurately integrate
the equation of motion of a particle in a near-Keplerian po-
tential. We use direct N -body particles which move in Kepler
elements along ellipses under the influence of the central ob-
ject, and calculate perturbations to their orbits in Cartesian co-
ordinates from surrounding N -body particles (Danby 1992).
We define semi-major axis, a, and eccentricity, e, of stellar
orbits with respect to a stationary MBH,
a = −GM•
2E
, (5)
and
e =
(
1− J
2
GM•a
)1/2
, (6)
where M• is the mass of the MBH, and J and E are the spe-
cific orbital angular momentum and energy of a star. The pe-
riapsis of the stellar orbits precess with retrograde motion due
to Newtonian mass precession from the additional smooth po-
tential from surrounding cluster of stars.
The time to precess by 2π radians is
tclprec = π(2 − α)
M•
N(< a)m
P (a)f(e, α), (7)
where N(< a) is the number of stars within a given a, m is
the mass of a single star, f(e, α) is a function which depends
on the eccentricity of the orbit and the power-law density in-
dex α of the surrounding cluster of stars (Ivanov et al. 2005;
Madigan & Levin 2012), and P (a) = 2π(a3/GM•)1/2 is the
orbital period of a star with semi-major axis a. We include
the first post-Newtonian general relativistic effect, that is pro-
grade apisidal precession with a timescale,
tGRprec =
1
3
(1− e2) ac
2
GM•
P (a). (8)
Our simulations have four main components chosen to rep-
resent the Galactic center ∼ 6Myr in the past:
1. A MBH of massM• = 4.3×106M⊙ (Ghez et al. 2008;
Gillessen et al. 2009b).
2. A smooth stellar cusp with power-law density pro-
file n(r) ∝ r−α, α = (0.5, 1.75), normalized with
a mass of 1.5 × 106M⊙ within 1 pc (Schödel et al.
2007; Trippe et al. 2008; Schödel et al. 2009). We use
a smooth gravitational potential for the cusp in our
simulations as this greatly decreases the required com-
putation time. Traditional two-body gravitational re-
laxation has little impact on the stellar orbits as its
characteristic timescale is O(1Gyr) (Merritt 2010;
Bar-Or et al. 2013). We model two-body relaxation
and resonant relaxation (which occurs on a shorter
timescale), using the ARMA code described in detail
in Madigan et al. (2011) to derive initial conditions for
our simulations (see Figure 2). Madigan et al. (2009)
and Gualandris et al. (2012) find that in the case of
coherently-eccentric disks, significant angular momen-
tum changes due to self-gravity of the disk occurs on
timescales . 1Myr.
3. An eccentric stellar disk, e = (0.3, 0.6), representing
the young CW disk with surface density profile Σ(a) ∝
a−2. It consists of N -body particles with equal masses
4 MADIGAN ET AL.
 0.75
 0.8
 0.85
 0.9
 0.95
 1
 0.01  0.1  1
〈 e
 〉
a (pc)
60 Myr burst
100 Myr burst
60 Myr continuous
100 Myr continuous
FIG. 2.— Mean B-star orbital eccentricities as a function of semi-major axis
in the binary disruption scenario. Stars begin with initial orbital eccentricity
e = 0.98 and evolve due to stochastic relaxation over 60 and 100Myr. In
the burst scenario, stars are initialized at t = 0; in the continuous scenario,
they are initialized randomly between t = 0, tmax. For this plot we use our
ARMA code (Madigan et al. 2011) with M(< 1 pc) = 1.5 × 106M⊙ and
α = 1.75.
of 100M⊙, total mass MCW = (1, 2, 4)× 104M⊙ and
semi-major axes 0.03 pc ≤ a ≤ 0.5 pc. In our basic
model, the young CW disk is formed instantaneously,
i.e., fully formed at t = 0, with an opening angle of
1◦. We also run a number of simulations wherein we
model its formation using a “switch-on” multiplicative
function for the disk mass, such that the mass of a single
star is
m(t) =
Mdisk
Ndisk
tanh
(
t− t0
τ
)
, (9)
where t0 is -1 years (so that the young CW disk has
mass at t = 0) and the growth timescale τ is 1 × 105
years (Bonnell & Rice 2008). Secular gravitational in-
teractions with the young CW disk will change the an-
gular momenta of the B-stars. We anticipate the great-
est orbital eccentricity change for stars at similar radii
to the inner edge of the disk – the torques are much
greater at these radii, as
τ ∼
(
GMdiskediske
a
)
δφ, (10)
where τ is specific torque on a stellar orbit, edisk is a
typical orbital eccentricity of a star in the disk and δφ
is the angle between them.
4. A population of B-stars with semi-major axes between
0.03 pc ≤ a ≤ 0.7 pc, consisting of 100 N -body par-
ticles with equal masses of 100M⊙. Though the indi-
vidual masses of the stars are high with respect to real
B-star masses, the orbits will respond to the gravita-
tional potential of the young CW disk in the same way,
regardless of their mass, due to the equivalence prin-
ciple. We run convergence tests to confirm this; see
appendix. The stars are initialized with a surface den-
sity profile Σ(a) ∝ a−2 while their angular momentum
distribution depends on the scenario we are simulating;
we describe them both here.
Binary Disruption (BD) Scenario: In this scenario,
the B-stars form in binaries outside the central parsec.
 0
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FIG. 3.— Mean orbital eccentricity and one standard deviation of B-stars
after 6Myr of evolution in the dissolved disk DD6 scenario and binary dis-
ruption BD1 scenario as a function of semi-major axis a. Stars at large a do
not evolve far from their initial eccentricity values.
Due to enhanced relaxation from massive perturbers
(Perets et al. 2007), they are propelled onto near-radial
orbits where they are disrupted by the MBH via Hills’
mechanism and become bound to the MBH as their
partners are ejected into the halo at high velocities.
They have a spatially isotropic distribution and are ini-
tialized on Kepler orbits with very high eccentricities,
e = 1 − rt/a ∼ 1 − (mbin/M•)1/3 (see, e.g., Pfahl
2005), where rt = abin(M•/mbin)1/3 is the tidal ra-
dius of the MBH, and mbin and abin are the mass and
semi-major axis of the binary.
We use our ARMA code (Madigan et al. 2011) to sim-
ulate the evolution of orbital eccentricities for B-stars
in the binary disruption scenario under the dynamical
influence of two-body and resonant relaxation. We con-
firm the result by PG10 that stellar orbits remain at very
high eccentricities outside ∼ 0.1 pc. We find higher
mean orbital eccentricity values at all radii however, for
both steep (α = 1.75) and shallow (α = 0.5) cusp pro-
files; see Figure 2 in which we plot mean orbital ec-
centricities as a function of semi-major axis at 60 and
100Myr. As PG10 use full N -body simulations, they
do not include the entire stellar cusp and hence preces-
sion rates for stars are lower than in our simulations,
contributing to a higher resonant relaxation rate and
hence larger orbital eccentricity changes. We simulate
both a burst scenario in which all B-stars begin at t = 0,
and a continuous scenario in which they are randomly
initialized between t = 0 and t = tmax; the latter best
reflects binary disruptions due to massive perturbers but
the former can be directly compared with the simula-
tions of PG10. We use a fit of the resulting orbital ec-
centricity distribution after 100Myr in the continuous
case as our initial conditions for the binary disruption
scenario.
Dissolved Disk (DD) Scenario: In this scenario, the B-
stars form in-situ around the MBH in a nuclear stellar
disk during an earlier episode (∼ 100Myr) of gas infall
and fragmentation: we call this the dissolved disk sce-
nario as the disk structure should have ‘puffed up’ due
to gravitational interactions between stars, in particular
due to vector resonant relaxation (Kocsis & Tremaine
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TABLE 1
MODEL PARAMETERS, MEAN AND STANDARD DEVIATION OF |h|-VALUES OF STARS IN N -BODY SIMULATIONS, WITH COMBINED RESULTS OF TEN
RANDOM VIEWING DIRECTIONS, AND STANDARD ERROR ON THE MEAN, se .
Simulationa 〈e〉b αc 〈e〉dCW M
e
CW sw
f θg 〈i〉h pi ≥ 7′′ pi ≥ 10′′
〈|h|〉j σk〈|h|〉 s
l
e 〈|h|〉
j σk〈|h|〉 s
l
e
BD1 0.97 0.5 0.6 c 1 0 - - 0.095 0.063 0.006 0.096 0.060 0.006
BD2 0.97 0.5 0.6 c 1 1 - - 0.098 0.063 0.007 0.097 0.060 0.006
BD3 0.97 0.5 0.6 1 0 - - 0.097 0.061 0.010 0.095 0.056 0.011
BD4 0.97 0.5 0.3 c 1 0 - - 0.099 0.058 0.012 0.096 0.055 0.010
BD5 0.93 1.75 0.6 c 1 0 - - 0.130 0.068 0.010 0.125 0.065 0.009
BD6 0.93 1.75 0.3 c 1 0 - - 0.127 0.072 0.014 0.123 0.068 0.011
BD7 0.97 0.5 0.6 c 2 0 - - 0.114 0.077 0.007 0.102 0.059 0.005
BD8 0.97 0.5 0.6 c 4 0 - - 0.141 0.102 0.009 0.129 0.095 0.011
DD1 0.71 0.5 0.6 c 1 0 40 80 0.325 0.236 0.048 0.313 0.247 0.051
DD2 0.66 0.5 0.6 c 1 0 40 25 0.352 0.244 0.033 0.349 0.248 0.034
DD3 0.68 0.5 0.6 c 1 0 40 121 0.283 0.227 0.038 0.250 0.188 0.029
DD4 0.66 0.5 0.6 c 1 0 40 163 0.348 0.201 0.043 0.350 0.203 0.045
DD5 0.67 0.5 0.6 1 0 40 80 0.301 0.210 0.034 0.262 0.191 0.035
DD6 0.30 0.5 0.6 c 1 0 40 80 0.573 0.279 0.049 0.563 0.270 0.067
DD7 0.69 1.75 0.6 c 1 0 40 80 0.277 0.212 0.035 0.235 0.178 0.035
DD8 0.67 0.5 0.6 c 1 0 60 80 0.311 0.235 0.021 0.290 0.230 0.031
DD9 0.67 0.5 0.6 c 1 1 40 80 0.315 0.263 0.028 0.251 0.215 0.038
DD10 0.62 0.5 0.3 c 1 0 40 80 0.382 0.246 0.028 0.364 0.235 0.033
Notes.
a BD: binary disruption. DD: dissolved disk.
b Mean initial orbital eccentricity of B-stars across all radii.
c Index of power-law density cusp profile.
d Mean initial orbital eccentricity of young CW stars. c: coherent-eccentricity disk
e Mass of young CW disk in units of 104M⊙
f Switch-on function on/off (1/0); see Equation 9.
g Initial opening angle of B-star disk in arcdeg.
h Mean initial inclination of B-star disk with respect to young CW disk in arcdeg.
i Projected radius.
j Mean value of |h| for B-stars with p ≥ 7(10)′′ at end of simulation.
k Standard deviation on |h| for B-stars with p ≥ 7(10)′′ at end of simulation.
l Standard error on the mean of |h| for B-stars with p ≥ 7′′ at end of simulation.
2011) and the gravitational influence of the circum-
nuclear disk (Šubr et al. 2009). We distribute the B-
stars in a stellar disk with their initial eccentricities, disk
opening angle and inclination with respect to the young
CW disk varying with simulation number. Inclinations
are selected such that co-rotating and counter-rotating
cases with both large and small angles between the two
disks are explored. The basic model, DD1, draws ec-
centricities from a thermal distribution.
Our simulations explore a wide range of parameters rele-
vant for the GC as listed in Table 1. An important variation
in the models is the power-law stellar density index of which
we choose two values – a steep stellar cusp α = 1.75, and
a shallow stellar cusp α = 0.5. This variation reveals itself
in the precession rate of stars at different radii, and hence
the persistence of stellar torques. Another variation is the
mean eccentricity of the B-star and the young CW disk orbits,
which affects their eccentricity evolution through the strength
of the torques between the two groups. We run simulations
with both coherently-eccentric (or lopsided) young CW disks,
in which the eccentricity vectors of the stellar orbits initially
overlap, and non-coherent ones.
3.1. Evolution of orbital eccentricities
We follow the change in orbital angular momentum in the
B-stars over 6Myr in response to the young CW disk. The B-
stars with small semi-major axes not only experience a greater
torque, τ ∝ 1/a, but have lower angular momentum, J , and
hence the relative change in angular momentum is high. This
brings about a rapid change in their orbital eccentricities. In
contrast, B-stars with large semi-major axes retain memory
of their initial orbital eccentricities; these stars can best con-
strain their formation scenario. This is as PG10 found for res-
onant relaxation, but the change in eccentricities of B-stars
over 6Myr under the persistent torques of the young CW
disk proves to be more rapid than resonant relaxation over
100Myr. We show this effect in Figure 3, plotting the ec-
centricity, e, of B-star orbits in two simulations (DD6, BD1)
as a function of semi-major axis, a. The binary disruption
scenario produces the most dramatic signature as stars with
large semi-major axes retain their high orbital eccentricities.
In the dissolved disk scenario, the B-stars with large semi-
major axes have similar eccentricities as their initial input val-
ues.
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FIG. 4.— (Top) Distribution of projected, normalized orbital angular momentum on the sky, j, for stars in the dissolved disk DD6 scenario (left) and binary
disruption BD1 scenario (right) at t = 0, 6Myr. In plotting the parameter j we lose evidence of high eccentricity orbits as stars on near-radial orbits spend most
of their orbital period near apoapsis and their vp value will be lower than the circular velocity at their projected radius p. (Bottom) Distribution of h for stars in
the DD6 scenario (left) and BD1 scenario (right) at t = 0, 6Myr. This new statistic highlights high eccentricity orbits by focusing them at zero.
3.2. Simulated h-values and difference in initial conditions
We contrast the j and h versus p diagrams for both sce-
narios using an arbitrary viewing angle in Figure 4. The ad-
vantage of the h-statistic is not obvious in the dissolved disk
scenario (left) as there are few very high eccentricity orbits.
However, in the binary disruption scenario (right), the B-stars
at large radii retain their high eccentricities over the 6Myr
simulation, and their h values are centered about zero.
We plot the mean value of |h| as a function of projected
radius p after 6Myr in Figure 5. The mean value of |h| is de-
rived from combining h-values from three different viewing
directions for each simulation. The most distinguishing fea-
ture between the two scenarios is the disparate |h|-signature
at large projected radii. The simulations that model the young
CW disk formation by employing the switch-on function of
Eq. 9 show no significant differences with respect to the basic
models.
We find an inverse relation in the binary disruption simula-
tions between the value of the power-law index of the stellar
cusp, α, and the slope of the distribution of 〈|h|〉-values with
distance from the MBH. Steep stellar cusps result in flatter
〈|h|〉-r distributions and vice versa. This is due to the coher-
ence time over which stellar torques can act on the individual
B-star orbits. Simulations BD1−4 which have a shallow stel-
lar cusp (α = 0.5) result in a steep 〈|h|〉-distribution across
projected radii. The B-star orbits at small radii precess rel-
atively slowly and hence secular changes in J are efficient
at changing their eccentricities. This results in large 〈|h|〉-
values at small radii. B-star orbits at large radii precess rel-
atively quickly and secular changes in J are less efficient as
the coherence time is short. These B-stars retain their high
orbital eccentricities, and have low 〈|h|〉-values. Simulations
BD5−6 which have a steep stellar cusp (α = 1.75) result in
a flatter 〈|h|〉-r distribution. The stellar orbits at small radii
precess relatively quickly and hence secular changes in J are
inefficient relative to that experienced by stars in simulations
BD1−4. This results in lower 〈|h|〉-values at small radii. The
stellar orbits at large radii precess relatively slowly and sec-
ular changes in J are more efficient as the coherence time is
longer. 〈|h|〉-values at large radii are consequently larger than
for BD1−4. One can in principle constrain the mass distribu-
tion of the underlying stellar cusp using observations of stars
which have been disrupted from a binary by the MBH from
the relation between the stellar cusp profile and 〈|h|〉-values
as a function of distance from the MBH.
Simulations BD7−8 (larger mass young CW disk) show the
most evolution in B-star eccentricities. 〈|h|〉-values are high
relative to the simulations with MCW = 104M⊙ but still
lower than in the dissolved disk simulations.
The DD6 simulation, in which the B-stars are initialized in
an e = 0.3 disk, and DD10 with an e = 0.3 young CW disk,
result in the lowest eccentricities of the dissolved disk sim-
ulations and hence the highest 〈|h|〉-values. DD7 which has
a steep stellar cusp (α = 1.75) shows the most evolution in
B-star eccentricity at large radii, reaching the lowest 〈|h|〉-
values of the dissolved disk simulations. In the DD2 simu-
lation, where the initial mean inclination angle between the
two disks is 〈i〉 = 25◦, the B-star angular momentum vectors
overlap with those of the young CW disk by the end of the
simulation. The same overlap is observed in the DD1 simu-
lation (〈i〉 = 80◦) but to a lesser extent. Simulations DD3,4,
in which the B-star and young CW disks are counter-rotating
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with respect to one another, 〈i〉 > 90◦, show a substantial
number of stars from each disk with reversed signs of angular
momentum but little overlap. The counter-rotating instability
(e.g. Touma & Sridhar 2011) is suppressed due to precession
resulting from the presence of a stellar cusp.
The distribution in angular momentum vectors of the
young CW disk stars can become very spread out, in con-
trast to the observed dispersion angle (Paumard et al. 2006;
Beloborodov et al. 2006; Lu et al. 2009; Bartko et al. 2009).
This is due to secular gravitational torquing of the stellar or-
bits between the two disks. We find that small angles between
the disks cause the most spreading as the torques are stronger
when they are closer together (see Equation 10). Without the
second disk, the orbits of the young CW disk are less spread
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out in angular momentum. A steep density profile in the stel-
lar cusp also hinders spreading as the rapid orbital precession
time decreases the timescale over which orbits can feel coher-
ent torques. The inclination angle between the B-star disk and
the young CW disk affects the resulting 〈|h|〉-values; the DD3
simulation with 〈i〉 = 121◦ shows the lowest 〈|h|〉-values at
large radii.
For each simulation, we chose ten random viewing direc-
tions to calculate a mean |h|-value for each star. In Table 1
we show 〈|h|〉 and one standard deviation, σh, for all stars
with projected radii p ≥ 7′′ and p ≥ 10′′. The binary dis-
ruption simulations produce low 〈|h|〉-values with a range
(0.095− 0.141) for p ≥ 7′′ and (0.095− 0.129) for p ≥ 10′′
with σh ∼ 0.06 on most values.
We also show the standard error on the mean, se, of 〈|h|〉 for
the ten different viewing directions. Binary disruption simu-
lations have small se values, reflecting the fact that the B-stars
are isotropically distributed and as a consequence the different
viewing directions produce similar results.
The dissolved disk simulations produce higher mean 〈|h|〉-
values with a range (0.277− 0.573) for p ≥ 7′′ and (0.251−
0.563) for p ≥ 10′′ with σh ∼ 0.2 on most values. Dissolved
disk simulations have large se values as the different viewing
directions produce different results, depending on the angle
between the viewing direction and the plane of the B-star disk.
To further demonstrate this, in Figure 6 we plot the cumulative
|h|-distribution function as a function of viewing angle with
respect to the B-star disk in dissolved disk simulation, DD1.
The left plot shows data from the start of simulation in which
the disk has an opening angle of 30◦. Larger viewing angles
with respect to the disk plane produce larger |h|-values. The
right plot shows the data after 6Myr. Here the viewing di-
rections produce more similar results to each other as the disk
opening angle has increased and the orbits are more isotropi-
cally distributed. The disk structure is still non-isotropic how-
ever; the 〈|h|〉-values increase from 0◦ − 90◦.
4. OBSERVATIONAL DATA
4.1. Observations and data reduction
The observational data comprise 207 spectroscopically
identified early-type stars within 25′′ (∼ 1 pc) from SgrA*.
The data set incorporates those used in the studies of
Bartko et al. (2009), Bartko et al. (2010), Pfuhl et al. (2011)
and additional stars found in new fields which will be reported
in Fritz et al. (in prep). We refer the reader to the Bartko et al.
(2010) for a detailed description of the data reduction process.
The corresponding observations have taken place between
2002 and 2010 at the VLT in Cerro Paranal Chile (ESO
programs 075.B-0547, 076.B-0259, 077.B-0503, 179.B-0261
and 183.B-0100). The imaging data were obtained with
the adaptive optics camera NACO (Rousset et al. 2003;
Hartung et al. 2003). The photometric reference images were
taken on the 29th of April 2006 and on the 31st of March
2010. Most of the images were obtained, using the K ′-
band filter (2.17µm) together with the 27mas/pixel cam-
era of NACO. Each image was processed in the same way,
using sky-subtraction, bad-pixel and flat-field correction as
described in Trippe et al. (2008). The spectroscopic data
were obtained with the adaptive optics assisted integral field
spectrograph SINFONI (Eisenhauer et al. 2003; Bonnet et al.
2004). The data output of SINFONI consists of cubes with
two spatial axes and one spectral axis. Depending on the plate
scale, an individual cube covers 3.2′′ × 3.2′′ or 8′′ × 8′′; the
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FIG. 7.— Observed h-values of stars with error bars as a function of pro-
jected radius, p. The maximum value of h = √2 for a bound orbit is plotted.
The color of each point corresponds to the K-magnitude of the star.
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 1
 0  0.2  0.4  0.6  0.8  1  1.2  1.4
N
 (<
|h|)
|h|
All Data
Thermal e
mk ≥ 16
15 ≤ mk < 16
14 ≤ mk < 15
mk < 14
FIG. 8.— Cumulative |h|-distribution function for observational data
(binned in K-magnitude, mK ) and that for a simulated thermal eccentric-
ity distribution.
spectral resolution varies between 2000 and 4000 depending
on the chosen bandpass and the field-of-view.
A major challenge for the identification of stars in the Galac-
tic Center is stellar crowding. The bulk of the resolved stellar
population are low-mass giants later than K0III. Due to the
extreme extinction towards the Galactic Center (AK ≈ 2.7),
foreground stars are easily excluded by their blue color. The
patchiness of the extinction, however, prevents a photometric
distinction between evolved giants (T ∼ 4000K) and young
early-type stars (T > 15, 000K; spectral types between B9V
up to WR/O) in the cluster. K-band spectra of the stars
classify them as late-type if CO absorption features (2.29 -
2.40µm) are present, or early-type if Brγ (2.166µm) or HeI
(2.058µm) absorption lines are present. In this way, the com-
bination of imaging and spectroscopy allows a clear identifi-
cation of the young and massive early-type stars amongst the
equally bright but much more numerous old low mass giants.
4.2. Astrometry
Similar to the method of Trippe et al. (2008) the stars in the
individual images were detected using the algorithm FIND
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(Stetson 1987). The individual positions in each image were
retrieved using Gaussian fits with formal fit errors of the or-
der ≈ 300µas. About 560 bright isolated stars in the field
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FIG. 12.— Histogram of h-values for observational data binned in K-
magnitude, 14 ≤ mK < 15, mK ≥ 15, and that for a simulated thermal
eccentricity distribution.
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served as an astrometric reference frame. The proper motions
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were computed by fitting a linear function to the astrometric
star positions with time. Typical errors were ≈ 0.13mas/ yr
(5 km/s).
4.3. Stellar masses and main-sequence lifetimes
The early-type stars in our sample contain main-sequence
B-stars up to evolved WR/Ofpn stars. An individual clas-
sification of the spectral type however is non-trivial with
K-band spectra alone. One difficulty is the absence of a
simple correlation between Brγ (HeI) strength and spectral
type. Only the most massive WR/O stars can be recognized
due to their strong wind emission lines, but the large mass-
loss rates make a current mass estimate even more difficult
and these stars must be modeled in detail to derive tempera-
tures and masses (e.g., Martins et al. 2007). Only stars more
massive than ∼ 20 − 25M⊙ reach the WR phase however
(Maeder & Meynet 2004). The mass of the less luminous B-
stars can be deduced from their observed luminosity (using
e.g., Bertelli et al. 1994, isochrones). Although the spectral
information alone provides not a unique classification, the
known absolute magnitude of the stars allows to constrain
their masses quite accurately. Unlike any other OB clus-
ters, the distance to the Galactic Center is known to better
than 5% (8.33 ± 0.35 kpc). Together with precise extinc-
tion measurements (Fritz et al. 2011, AK ≈ 2.7), the abso-
lute magnitudes of the stars are known to ≈ 0.2 mag. We use
magnitude, infrared color, temperature and mass calibrations
from Cox (2000), and ages from Salaris & Cassisi (2006). An
mK = 14.1 star at the distance of the GC corresponds to
a B0V dwarf with an initial mass of MMS = 17M⊙ and
a main-sequence lifetime of tMS = 8Myr, which is of the
same order as the young CW disk age. Fainter B-dwarfs
with mK = 15.5 (MMS = 11M⊙, tMS = 25Myr) and
mK = 16.5 (MMS = 6M⊙, tMS = 120Myr) can be sig-
nificantly older than the young CW disk.
4.4. h-values in different K-magnitude ranges
In Figure 7 we plot h-values of stars as a function of pro-
jected radius, p, for different K-magnitude ranges. Error bars
are determined through error propagation from position and
proper motion uncertainties given in Table 2, and an MBH
mass uncertainty of 0.36 × 106M⊙ (Gillessen et al. 2009b).
Stars in our sample have, on average, lower |h|-values as
their K-magnitude increases. In Figure 8 we plot the cumu-
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TABLE 2
PROPER MOTIONS OF YOUNG (mK > 14) STARS.
Star mK x y p ex ey vx vy evx evy
(mag) (arcsec) (arcsec) (arcsec) (arcsec) (arcsec) (mas yr−1) (mas yr−1) (mas yr−1) (mas yr−1)
1 16.7283 0.0463 -0.1040 0.1139 0.0009 0.0008 -7.2066 -27.1863 0.4076 0.3534
2 15.8604 -0.0673 0.1182 0.1360 0.0015 0.0006 42.2079 26.0934 0.4189 0.1749
3 17.4537 0.1403 -0.0311 0.1437 0.0020 0.0017 -2.3484 -25.4647 0.7190 0.6107
4 14.2067 0.0281 0.1458 0.1485 0.0002 0.0006 -8.8333 25.1138 0.0793 0.2235
5 16.9512 -0.1984 -0.0702 0.2105 0.0004 0.0006 -17.2400 -18.2476 0.1970 0.2380
6 15.6632 0.1873 0.1345 0.2306 0.0005 0.0004 23.1651 18.5350 0.1129 0.0978
7 15.7113 0.2264 0.1111 0.2522 0.0007 0.0005 -5.2460 -6.1800 0.2829 0.1908
8 14.7296 0.0231 -0.2547 0.2558 0.0001 0.0001 22.6434 -18.2185 0.0470 0.0564
9 14.5520 0.3052 0.1216 0.3285 0.0002 0.0001 12.8644 -0.6664 0.0561 0.0324
10 16.5369 0.1906 -0.2697 0.3302 0.0002 0.0003 22.7268 -6.9537 0.1068 0.1335
Notes.
Table 2 is published in its entirety in the online journal. A portion is shown here for guidance regarding its form and content.
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 0.1  1  10
〈 |h
| 〉
p (arcsec)
14 ≤ mK < 15
15 ≤ mK < 16
mK ≥ 16
thermal
FIG. 16.— Histogram of observed |h|-values as a function of p. The me-
dian value of |h| = 0.32 is plotted for a thermal eccentricity distribution for
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lative |h|-distribution function for stars in these different K-
magnitude ranges. Stars with mK ≥ 15 have lower |h|-values
than those with mK < 15, and if isotropically distributed,
form a population more eccentric than a thermal distribution,
N(e)de ∼ ede. We compare different distributions to each
other using the one-dimensional two-sample Kolmogorov-
Smirnov (KS) test, under the null hypothesis that the samples
are drawn from the same distribution. We refer to the test
statistic as pks to distinguish it from the projected radius of
a star, p. We reject the null hypothesis if pks is smaller than
or equal to the significance level, α = 0.05. A KS test be-
tween stars with 14 ≤ mK < 15 and those with mK ≥ 15
yields pks = 0.007, which suggests they are not drawn from
the same population, and between stars with 15 ≤ mK < 16
and mK ≥ 16 yields pks = 0.965.
In Figures 9 - 12 we plot histograms of h-values for obser-
vational data, binned in K-magnitude and radius, compared
to that for a simulated thermal eccentricity distribution. The
mK ≥ 14 population contains fractionally more CCW orbits
and low |h|-values than the mK < 14 population. Stars with
14 ≤ mK < 15 have a flatter h-distribution than those with
mK ≥ 15 and are missing the central low-|h| peak. We plot
h-values for stars with projected radii less than and greater
than 7′′ as the azimuthal coverage drops at his radius (cor-
responds to middle black circle in Figure 1 of Bartko et al.
(2010)). The mK ≥ 14 stars with p > 7′′ have low |h|-
values; this is not seen in the mK < 14 population. The are
more mK ≥ 14 stars with p > 7′′ on CCW orbits than CW
orbits but this result is not statistically significant.
In Figure 13 we plot a histogram of h-values for mK < 14
stars on and off the young CW disk using a re-analysis of
Bartko et al. (2010) data (this re-analysis revealed 43 stars to
be on the CW disk, instead of 45). The off-disk population
have slightly lower |h|-values than the on-disk population, in-
dicative of a more eccentric or inclined population. As the
CW disk is more edge-on than face-on, a population of stars
with the same eccentricities but more isotropically distributed
should have higher |h|-values. This suggests the off-disk pop-
ulation is more eccentric. They also have more h < 0 val-
ues or CCW orbits. In Figure 14 we plot the cumulative |h|-
distribution function for the same data. The relatively high
|h|-values of the young CW disk stars suggests, given their
inclination, that they are actually quite a low-eccentricity pop-
ulation.
4.5. |h|-values as function of projected radius, p
In Figure 15 we plot the cumulative |h|-distribution func-
tion for data in different K-magnitude ranges, binned accord-
ing their projected radius, either less or greater than p = 0.8′′.
All stars in our sample with p < 0.8′′ have mK ≥ 14.2; these
are the ‘S-stars’. They have a |h|-distribution that, if isotropi-
cally distributed, is just slightly more eccentric than a thermal
eccentricity distribution. A KS-test between the two popu-
lations (S-stars and thermal distribution) yields pks = 0.48.
Stars with mK ≥ 16, if isotropically distributed, form a more
eccentric group at large radii, p ≥ 0.8′′, than at small radii
(pks = 0.017 between the two populations). Stars between
14 ≤ mK < 15 appear more eccentric at smaller projected
radii, p < 0.8′′, but the two groups do not differ in a statis-
tically significant way (pks = 0.16). In Figure 16 we show
a histogram of |h|-values as a function of projected distance
for stars in different magnitude ranges. While the binning is
arbitrary, this visually confirms that stars with mK ≥ 15 have
lower |h|-values at larger projected radii (i.e., become more
eccentric/inclined to xy-plane), while the opposite is true for
stars with 14 ≤ mK < 15. In Table 3 we compare the mean
|h|-values for stars with p ≥ 7′′, 10′′. Stars with higher K-
magnitude have lower mean |h|-values at large radii.
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TABLE 3
MEAN AND STANDARD DEVIATION OF |h|-VALUES FOR OBSERVATIONAL
DATA BINNED IN K -MAGNITUDE
Sample pa ≥ 7′′ pa ≥ 10′′
Num 〈|h|〉b σc
|h|
Num 〈|h|〉b σc
|h|
all 82 0.390 0.261 39 0.300 0.204
14 ≤ mK < 15 10 0.412 0.182 7 0.333 0.142
15 ≤ mK < 16 13 0.181 0.149 9 0.200 0.170
mK ≥ 15 19 0.158 0.131 13 0.176 0.148
mK ≥ 16 6 0.109 0.066 4 0.126 0.076
Notes.
a Projected radius.
b Mean value of |h| for stars with p ≥ 7(10)′′ .
c Standard deviation on |h| for stars with p ≥ 7(10)′′ .
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14 ≤ mK < 15
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FIG. 18.— Comparison of the range in 〈|h|〉-values for both the binary dis-
ruption (BD: blue box) and the dissolved disk simulations (DD: green box),
for stars with p ≥ 7′′ and p ≥ 10′′, and for observational data binned in K-
magnitude. The observational data within 14 ≤ mK < 15 have 〈|h|〉-values
that are compatible with the dissolved disk scenario range, not the binary dis-
ruption scenario. The observational data with mK ≥ 16 have much lower
〈|h|〉-values that are compatible with the binary disruption scenario.
5. COMPARISON BETWEEN OBSERVATIONS AND SIMULATIONS
We compare the observational data with simulation results
from two formation scenarios of B-stars in the Galactic cen-
ter: the binary disruption scenario in which stars begin their
lives near the MBH on high-eccentricity (e ≃ 0.97) orbits,
and the dissolved disk scenario in which they form in a nu-
clear stellar disk of lower eccentricity (0.3 . e . 0.7). In
Figure 17 we show h-values of both simulated stars (at the
end of the simulation, t = 6Myr) and data in different mag-
nitude ranges, as a function of their projected radii, p. The
higher magnitude stars, mK ≥ 15, qualitatively match the bi-
nary disruption simulations well while the lower magnitude
stars, 14 ≤ mK < 15, match better the dissolved disk simu-
lations.
We compare the range in 〈|h|〉-values for stars at large pro-
jected radii in our simulations to the single values taken from
observational data binned in K-magnitude (see Table 3), in
Figure 18. For stars with p ≥ 7′′ and 14 ≤ mK < 15, 〈|h|〉 =
0.412, which places this population well outside the range
found in the binary disruption simulations (0.095 − 0.141),
whereas for mK ≥ 16, 〈|h|〉 = 0.109, which lies inside the
correct range for binary disruption simulations, not for dis-
solved disk simulations, for which 0.277 ≤ 〈|h|〉 ≤ 0.573.
5.1. KS-testing, correcting for incompleteness and
incorporating observational errors
TABLE 4
FRACTIONAL COMPLETENESS AS A FUNCTION OF RADIUS AND
MAGNITUDE
Radial Bin mK < 14 14 ≤ mK < 15 15 ≤ mk < 17
(arcsec) (mag) (mag) (mag)
0 - 5 0.564400 0.454493 0.155868
5 - 10 0.390942 0.237714 0.144753
10 - 15 0.249561 0.106667 0.066129
15 - 20 0.164209 0.043871 0.026194
To include the dependence of |h|-values on projected ra-
dius, we compare our simulations with the data using radial
completeness corrections derived from from observations in
Bartko et al. (2010). We show the corrections used in radial
and magnitude bins in Table 4. We calculate projected |h|
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FIG. 19.— Cumulative |h|-distributions of B-stars in dissolved disk simulations (left) and binary disruption simulations (right). |h|-values are drawn from a
random viewing direction and sampled using the observational completeness correction.
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FIG. 20.— Histogram of h-distributions of B-stars in DD6 and BD1 sim-
ulations. h-values are drawn from a random viewing direction and sampled
using the observational completeness correction.
and p values of the stars in our simulations and then sam-
ple according to the completeness at their projected radii and
K-magnitude. For illustration, we plot the cumulative |h|-
distributions of all the dissolved disk simulations and binary
disruption simulations in Figure 19. |h|-values are sampled
from a single random viewing direction, using the observa-
tional completeness correction for stars with 14 ≤ mK < 15
in the dissolved disk simulations, and for stars with 15 ≤
mK < 17 in the binary disruption simulations. We note
that the results from the dissolved disk simulations are highly-
dependent on the chosen viewing angle, in contrast to the bi-
nary disruption simulations. In Figure 20 we plot a histogram
of the h-distributions of B-stars in DD6 and BD1 simulations.
To incorporate the errors in the observed h-values, we take
each star in a magnitude-selected range and Monte Carlo
sample 100 times from a Gaussian distribution with mean
h and standard deviation eh. We run a KS-test between the
resulting cumulative distribution functions and those from
completeness-corrected simulations. For the dissolved disk
simulations we select ten random viewing directions with re-
spect to the B-star disk in the simulation and generate new
|h|-values before sampling according to p-values. Hence each
dissolved disk simulation will have 10 × 100 pks values. In
Figure 21 we plot the angular momentum vectors of young
CW disk stars and B-stars in an Aitoff projection in the dis-
solved disk simulations DD1, DD2, DD3 and DD4, indicating
the ten randomly-selected viewing directions.
In Figure 22 we plot the average pks value between the
completeness corrected simulation (listed on x-axis) and stars
from a particular magnitude bin (title) as a function of the
viewing direction. The pks values are color-coded into two
ranges for simplicity: orange for pks < 0.05, blue for pks ≥
0.05, where we reject the null hypothesis that two samples are
drawn from the same distribution if pks < 0.05. The first four
plots show that, for most viewing directions, the dissolved
disk simulations are compatible with observations in the low-
est magnitude range, 14 ≤ mK < 15. Stars in the range
16 ≤ mK < 17 are also mostly compatible with dissolved
disk simulations. There are however few stars in this range,
and both simulations and observations are close to a thermal
distribution over all semi-major axes, though they are not so
similar at large p. The fifth plot shows results for binary dis-
ruption simulations. The viewing direction is unimportant as
the B-stars are distributed isotropically. In this plot the y-axis
shows the lower value on the range of the magnitude cut taken
for the observations. The range spans one magnitude in total,
∆mK = 1 (i.e., mK = 14 spans the range 14 ≤ mK < 15).
This plot shows that lower magnitude stars and the binary dis-
ruption scenario are incompatible. A change occurs in the
simulations BD1−6 (young CW disk mass of 104M⊙) for the
range 14.8 ≤ mK < 15.8 and above. Here pks ≥ 0.05 for all
simulations. This transition is also seen in the dissolved disk
simulations but in the opposite direction: mostly pks ≥ 0.05
for 14 ≤ mK < 14.8, and pks < 0.05 for mK ≥ 14.8.
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FIG. 21.— Aitoff projections of the angular momentum vectors of young CW disk stars (green circles) and B-stars (red triangles) at t = 0 (left) and t = 6Myr
(right) in the dissolved disk simulations DD1, DD2, DD3 and DD4. Ten randomly-selected viewing directions, used to calculate |h|-values for Figure 22, are
indicated with black symbols.
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FIG. 22.— Scatter plot of pks values between data (average of 100 realizations taking errors into account) and simulations. Top left: pks values between
observational data with 14 ≤ mK < 15 and dissolved disk (DD) simulations as a function of viewing direction with respect to the disk plane. Top right: Same
but for magnitude cut 15 ≤ mK < 16. Middle left: Same but for magnitude cut 16 ≤ mK < 17. Middle right: Same but for magnitude cut 15 ≤ mK < 17.
Bottom left: pks values between binary disruption (BD) simulations and observations as a function of mK selection. The y-axis shows the minimum mK value
for each selection, the maximum value being one higher in magnitude (∆mK = 1).
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TABLE 5
EXAMPLE RESULTS OF 1D TWO-SAMPLE KS TESTING BETWEEN
COMPLETENESS CORRECTED SIMULATIONS (RANDOM VIEWING
DIRECTION) AND OBSERVATIONAL DATA.
Samples pks
14 ≤ mK < 15, BD8 0.039
14 ≤ mK < 15, DD1 0.953
15 ≤ mK < 16, BD8 0.253
15 ≤ mK < 16, DD1 0.001
mK ≥ 16, BD8 0.997
mK ≥ 16, DD1 0.094
In Table 5 we provide a sample of pks-values between the
data binned inK-magnitude and completeness-corrected sim-
ulations. The population with 14 ≤ mK < 15 is incon-
sistent with the basic binary disruption scenario (BD8). In
contrast, a comparison with the dissolved disk scenario (DD1)
yields a high pks-value. Again, dissolved disk scenarios give
more ambiguous predictions as the h-values are dependent on
the viewing direction with respect to the B-star disk. Fainter
(mK ≥ 16) stars have lower |h|-values and hence are more
eccentric or edge-on in inclination. A KS test between this
population and BD8 yields a high pks value = 0.997. In
Figure 23 we plot the cumulative |h|-distribution function for
observational data binned in K-magnitude and for the simu-
lations that match well with observations — DD1 and BD8
simulations sampled with completeness corrections.
6. DISCUSSION
We present a new, directly-observable statistic, h, which
uses the position of stars on the sky (x, y) and their proper mo-
tion (vx, vy) to recognize groups of high-eccentricity orbits.
It is particularly useful for stars with long-period orbits for
which dynamical accelerations, and hence orbital parameters,
are difficult to determine. We use a Monte Carlo ARMA code
and N -body simulations to evolve stellar orbits in two forma-
tion scenarios for the B-stars in the GC; a dissolved disk sce-
nario based on the model proposed by Seth et al. (2006), and a
binary disruption scenario due to enhanced stellar relaxation
from massive perturbers by Perets et al. (2007). We investi-
gate the change in the B-star orbital parameters after 6Myr
of gravitational interaction with the young CW disk and com-
pare the results to observational data using the h-statistic. We
summarize our results here:
1. Although the gravitational potential of the young CW
disk can effectively exert torques on the orbits of the
surrounding cluster stars within a few Myr, for a disk
mass of ∼ 104M⊙, stars with semi-major axes greater
than ∼ 0.2 pc retain memory of their origin through
their eccentricity distribution. The more massive the
young CW disk, the greater torque it exerts and larger
the eccentricity evolution of surrounding stars over
6Myr. This result does not qualitatively change if the
young CW disk is younger – such as the ∼ 4Myr as
found by Do et al. (2013) and Lu et al. (2013) – but the
high-eccentricity signature of the B-stars in the binary
disruption scenario will be even more prominent as the
stars have less time to interact with the young CW disk.
2. Simulations in which the B-star and young CW disks
have small angles with respect to one another produce a
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FIG. 23.— Cumulative |h|-distribution function for observational data
(binned in K-magnitude), for an isotopic eccentricity distribution and for dis-
solved disk (DD1) simulation and binary disruption (BD8) simulation, both
sampled using the observational completeness correction.
large spread in angular momentum vectors of the young
CW disk stars, in contrast to the observed dispersion
angle (Paumard et al. 2006; Beloborodov et al. 2006;
Lu et al. 2009; Bartko et al. 2009). The concentration
seen in the data for the young CW disk hints at a low
initial eccentricity, a cusp rather than a core in stellar
density and/or no second disk structure. However it is
difficult to keep a distinct concentration of angular mo-
mentum vectors and, at the same time, produce off-disk
and counter-rotating orbits with a secular mechanism.
3. The binary disruption scenario leaves a signature of de-
creasing mean values, and scatter, in |h| with increas-
ing radii. The dissolved disk scenario results in a broad
range of 〈|h|〉-values with a large scatter due to the de-
pendence on viewing angle with respect to the initial
disk.
4. The B-stars in our data set have lower |h|-values with
increasing K-magnitude intervals. If their orbits are
isotropically distributed, this means that the lower
mass, potentially much-older B-stars are more eccentric
than their more massive, younger companions. If the
B-stars are preferentially aligned with the young CW
disk, incomplete azimuthal coverage at large radii and
sampling along the disk can lower the |h|-distribution
and mimic a high eccentricity signature. However the
mK < 14 stars are sampled with the same azimuthal
coverage as the mK ≥ 14 population so this cannot
explain the difference between the low and high K-
magnitude stars.
5. The cumulative |h|-distribution function for the S-stars
is similar to, but slightly lower than, that of an isotropic,
thermal eccentricity distribution. As we know that they
are isotropically distributed, this tells us that they form
a population that is slightly more eccentric than ther-
mal. This matches the distribution found from orbital
fitting of individual stars (Gillessen et al. 2009a).
6. Stars with 14 ≤ mK < 15 and those with mK ≥ 15
have different cumulative |h|-distributions with a KS
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value of pKS = 0.007. This suggests that they are not
drawn from the same (e, i) population. The difference
is important for the interpretation of the K-band lumi-
nosity function (KLF) and initial mass function (IMF)
of the young CW disk. If this dynamical information re-
lates to a different origin mechanism, then then the KLF
slope of the young CW disk must get flatter and the
IMF is even more top-heavy than previously reported
(Bartko et al. 2010; Do et al. 2013; Lu et al. 2013).
7. The stars with the highest K-magnitudes in our sam-
ple, mK ≥ 16, have similar |h|-distributions to those
with 15 ≤ mK < 16 with a KS value of pKS = 0.965.
They have lower |h|-values at large radii, p ≥ 0.8′′. If
they are isotropically distributed, they are more eccen-
tric than those located closer in projected distance to
the MBH. Stars with mK ≥ 16 and p ≥ 0.8′′ do not
appear to be drawn from the same distribution as those
with mK ≥ 16 and p < 0.8′′ (pKS = 0.02). In context
of the binary disruption scenario, this can be explained
by the decreasing relaxation times as orbits get closer to
the MBH, which rapidly changes their low angular mo-
menta and hence |h|-values. We would like to increase
our sample of mK ≥ 16 stars to confirm this result.
8. In comparing the observed B-star data with simulations
of the two formation scenarios, we find the following:
Stars with 14 ≤ mK < 15 have higher |h|-values than
expected for a thermal distribution and hence fit better
with the dissolved disk scenario. Given the short life-
times for these stars (tMS . 13Myr), they are most
likely members of the recent star formation episode
which created with young CW disk. Fainter B-stars
with mK ≥ 15, and hence longer lifetimes, have lower
|h|-values than expected for a thermal distribution and
for that reason fit better with Hills binary disruption
scenario, though the data are not as eccentric (if isotrop-
ically distributed) as in most of the simulations. The
best match to the data involves a steep stellar cusp
such that coherence times for stellar torques are high
at large radii, and/or a larger mass of the young CW
disk (∼ 4× 104M⊙).
An alternative scenario for the origin of the B-stars is for-
mation in the same star formation episode that formed the
young CW disk (Paumard et al. 2006; Do et al. 2013; Lu et al.
2013). To explain the low |h|-values of the high-magnitude
stars however, there must exist a mechanism which differen-
tiates between low- and high-mass stars in orbital eccentric-
ity and/or inclination, and it must act on a short timescale.
Alexander et al. (2007) show that, for an initially circular
disk, energy relaxation between stars of different masses can
significantly change the velocity dispersion of different pop-
ulations of stars of different masses, and hence change their
orbital eccentricities. We repeat their analysis and find that,
though important for low and moderately eccentric disks (e .
0.7), this mechanism cannot account for the magnitude of the
difference in h-values of the low and high K-magnitude stars.
It is important to obtain more observations of B-star
positions and proper motions, particularly those at high
K-magnitude and large projected radii, to increase the
sample-size that can be used in comparison with simulations.
Recent observations show that the oldest stars observable in
the GC, red giants, do not form a cusp within 0.5 pc of the
MBH, in contradiction with theoretical predictions (see e.g.,
Do et al. 2013). Whether or not this result is specific to the
red giant population or true also of the less luminous stellar
distribution is important for NSC formation and evolution
theory. If the high magnitude B-stars originate from the
binary disruption scenario, the shape of the 〈|h|〉-r relation
can be a probe of the mass distribution of the dark stellar
cluster.
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APPENDIX
CONSTRAINTS ON h-STATISTIC FOR BOUND STARS
The maximum value of |h| for a bound stellar orbit is calculated by limiting the velocity of a star to the escape velocity at its
projected radius. The maximum angular momentum of a stellar orbit on the plane of sky is
jz =vesc.p
=
√
2GM•p,
(A1)
and therefore,
h =
jz
Jp
≤
√
2. (A2)
For a bound Kepler orbit, h ≤ √2. One can use this constraint to find unbound stars and/or stars affected by confusion with
incorrect proper motion values.
A star with 1 < |h| ≤ √2 has a jz value larger than the circular angular momentum at its projected radius. This requires that
e > 0, but moreover that p < a, i.e., that the star’s semi-major axis is larger than its projected radius. This star is traveling on the
inner part of its orbit, closer to periapsis than apoapsis. This may provide an extra constraint on z, the position of a star along the
line-of-sight, when estimating stellar orbital parameters (Bartko et al. 2009; Lu et al. 2009).
18 MADIGAN ET AL.
EFFECT OF MASSIVE STELLAR POTENTIAL ON VALUE OF h-STATISTIC
The h-statistic is defined for a Kepler orbit (h = jz/Jp). In a real NSC, the mass contained within a stellar orbit is due to both
the black hole mass and the enclosed mass of the stellar cusp. If we do not take the latter mass into account, our theoretical value
of Jp, the maximum angular momentum at p, will be smaller than the true value. Hence, |h| will appear artificially larger (i.e.
a stellar orbit will appear less eccentric or more ‘face-on’) than its true value. Due to the increasing enclosed stellar mass with
radius, this effect will increase with radius. We quantify this in Figure 24 where we plot the fraction of two evaluations of h (one
takes stellar mass into account in calculating Jp, hcusp, the other does not, hKepler) for a face-on circular orbit (e = i = 0). We
assume a stellar mass of 1.5 × 106M⊙ within 1 pc and vary the power-law index α, where the mass within radius r scales as
m(< r) ∝ rα. From this simple analysis we see that a star with a face-on circular orbit at p = 0.4 pc ∼ 10′′, will have a h-value
that is fractionally larger by (0.034, 0.043, 0.067) than for a Kepler potential for this particular power-law density profile with
α = (1.75, 1.5, 1.0). This plot can inform us on the magnitude of the expected error on h due to the stellar cusp.
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FIG. 24.— Fraction of h evaluated with the mass of the stellar cusp over h for a Kepler potential. The lines plotted are for a stellar mass of 1.5 × 106M⊙
within 1 pc and varying power-law indices α where the stellar mass density is m(r) ∝ r−α.
STATISTICAL CONSTRAINTS ON ORBITAL ECCENTRICITY AND INCLINATION FROM THE h-STATISTIC
There is a degeneracy in the value of h with respect to orbital eccentricity and inclination. However, if we assume a known
distribution for one of the parameters we can place constraints on the mapping of the other to h. For example, we can take a cut
in inclination (see Figure 25) and see how the range in h-values map to orbital eccentricity.
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FIG. 25.— Inclination of stellar orbits as a function of h-value for an isotropic, thermal stellar distribution. Colors of points correspond to the stellar orbital
eccentricities. i = 0◦ (i = 90◦) corresponds to a face-on (edge-on) orbit.
Statistical constraints are placed on the mapping of orbital eccentricities to |h| for an isotropically distributed thermal cluster
of stars. We plot the cumulative distribution of orbital eccentricities in specific |h| ranges in Figure 26. 50% of stars with
|h| < 0.1(0.3) have an orbital eccentricity e > 0.87(0.84), while 90% of stars with |h| > 0.6 have an orbital eccentricity
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FIG. 26.— Cumulative plots of stellar orbital eccentricity for different ranges in |h|. The full stellar distribution has a thermal eccentricity profile, f(e) = e2,
also plotted for comparison. In Table 6 the residuals from the simulated cumulative distribution functions and the fits to the function in Equation C1 are plotted.
TABLE 6
FITS TO EQUATION (C1)
|h|1 µ σ2 β γ δ ǫ
< 0.1 0.96 0.17 −1.06 −1.22 1.20 1.10
< 0.3 1.06 0.01 4.22 0.15 −0.16 −4.09
< 0.6 1.66 0.16 5.43 0.09 −0.10 −5.26
> 0.1 0.34 0.13 5.75 0.29 −0.45 −6.52
> 0.3 0.71 0.07 -0.62 0.01 −0.05 1.00
> 0.6 0.51 0.05 -2.80 −0.54 0.51 3.15
Notes.
1 Absolute value of h corresponding to distributions in Figure 26.
e < 0.73. We fit the cumulative distributions shown in Figure 26 with the following formula
f(x) =
1
2
[
1 + erf
(
x− µ√
2σ2
)]
+ βx+ γ
√
1− x2 + δ cos(x) + ǫ sin(x),
(C1)
where µ and σ2 are the mean and variance of a cumulative Gaussian distribution, β, γ, δ and ǫ are coefficients and x = e. The
trigonometric terms are chosen ad-hoc; they are necessary to fit the extreme distributions |h| > 0.6, |h| < 0.1. The fitted values
for each line in Figure 26 are listed in Table 6; the residuals from subtracting the functions from the distributions are plotted in
the lower panel.
Statistical constraints are also placed on the mapping of orbital inclinations to h for an isotropically distributed thermal cluster
of stars. In Figure 27, we plot the cumulative distribution function of the stellar inclinations for different h-values. Those with
|h| > 1 (right) have orbital inclinations such that their angular momenta are aligned close to the z-axis (face-on orbits). Stars
with |h| > 1.2 have almost face-on orbits. Stars with very low values of |h| are likely to have angular momenta that are highly
inclined to the z-axis. Almost all stars with |h| < 0.01 have inclinations of ∼ 90◦ (edge-on orbit).
CONVERGENCE TESTING
We run two binary disruption simulations with BD1 parameters and individual stellar masses of 20M⊙ (BD20) and 50M⊙
(BD50) for convergence testing. For the 20M⊙ simulation, 〈|h|〉 = 0.105(0.103), σh = 0.057(0.053), se = 0.003(0.004) for
stars with projected radii p ≥ 7(10)′′. For the 50M⊙ simulation, 〈|h|〉 = 0.112(0.110), σh = 0.068(0.061), se = 0.007(0.008)
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FIG. 27.— Cumulative distribution function of stellar inclinations for different ranges of |h| for an isotropic, thermal distribution of stellar orbits. i = 0◦
(i = 90◦) corresponds to a face-on (edge-on) orbit.
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FIG. 28.— Cumulative |h|-distribution of binary disruption simulations BD1, BD20 and BD50 (simulations with BD1 parameters but with different individual
stellar masses) with |h|-values drawn from a random viewing direction.
for p ≥ 7(10)′′. These values demonstrate that simulations with smaller stellar masses produce the same results (c.f. Table 1).
In Figure 27 we compare the cumulative distribution functions of |h|-values drawn from a random viewing direction for each
simulation. KS testing between the distributions yield pks = 0.84, 0.79, 0.98 for BD1 and BD20, BD1 and BD50, BD20 and BD50
respectively. These results are insensitive to the chosen viewing direction.
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